Mice genetically deficient in growth and differentiation factor 8 (GDF8/myostatin) had markedly increased muscle fiber numbers and fiber hypertrophy. In the regenerating muscle of mice possessing FGF6 mutation, fiber remodeling was delayed. Although myostatin and FGF6 may be important for the maintenance, regeneration and/or hypertrophy of muscle, little work has been done on the possible role of these proteins in adult muscle in vivo. Using Western blot and immunohistochemical analysis, we investigated, in rats, the distribution of myostatin, FGF6 and LIF proteins between slowand fast-type muscles, and the adaptive response of these proteins in mechanically overloaded muscles, in regenerating muscles following bupivacaine injection and in denervated muscles after section of the sciatic nerve. The amounts of myostatin and LIF protein were markedly greater in normal slow-type muscles. In the soleus muscle, myostatin and LIF proteins were detected at the site of the myonucleus in both slow-twitch and fast-twitch fibers. In contrast, FGF6 protein was selectively expressed in normal fast-type muscles. Mechanical overloading rapidly enhanced the myostatin and LIF but not FGF6 protein level. In the regenerating muscles, marked diminution of myostatin and FGF6 was observed besides enhancement of LIF. Denervation of fast-type muscles rapidly increased the LIF, but decreased the FGF6 expression. Therefore, the increased expressions of myostatin and LIF play an important role in muscle hypertrophy following mechanical overloading. The marked reduction of FGF6 in the hypertrophied and regenerating muscle would imply that FGF6 regulates muscle differentiation but not proliferation of satellite cells and/or myoblasts. ß
Introduction
Skeletal muscle satellite cells are normally found in a quiescent state in adult muscle, but when minor damage or injury occurs, signals are generated within the muscle that activate the satellite cells, stimulating them to migrate and enter the cell cycle. Activated satellite cells have been shown to migrate to the site of an injury where they proliferate, di¡erentiate, and fuse with the damaged ¢ber or form new ¢bers [1] . In vitro studies have documented many factors, primarily protein growth factors, that can modulate satellite cell activity [1] . In particular, insulin-like growth factor I (IGF-I), known to be up-regulated both in hypertrophied and regenerating muscle in vivo [2, 3] , positively regulated the proliferation and di¡erentia-tion of satellite cells and myoblasts in vitro [4] . In the transgenic mouse, Coleman et al. found that overexpression (47-fold increase) of IGF-I in muscle leads to hypertrophy of muscles, but not of other tissues [5] . On the other hand, newborn mice homozygous for a targeted disruption of IGF-I exhibit growth de¢ciency and marked hypoplasia [6] . Furthermore, IGF-I seems to promote myotube hypertrophy by signal transduction via calcineurin association with a nuclear factor of activated T-cells (NFATc1) and GATA2 [7, 8] . Therefore, IGF-I is generally considered the positive regulator of muscle mass.
Bone morphogenetic protein (BMP2), transforming growth factor-L2 (TGF-L2) and basic ¢broblast growth factor (bFGF) inhibit the terminal di¡eren-tiation of myogenic cells into mature muscle cells [91 1]. However, inactivation of TGF-L1, TGF-L2, TGF-L3, leukemia inhibitory factor (LIF), plateletderived growth factor (PDGF) and FGF, which all have proven activities on skeletal muscle tissue in vivo or cultured muscle cells in vitro, had no overt e¡ects on normal muscle cell development or muscle physiology [12^15] , although the mRNA and protein of bFGF, TGF-L2 and LIF were markedly elevated in hypertrophied and regenerating muscle [16^19] . Recently, many researchers have been very interested in other growth factors, such as growth and di¡erentiation factor 8 (GDF8)/myostatin and ¢bro-blast growth factor 6 (FGF6), belonging to the TGF-L superfamily and FGF family, respectively. During the early stages of embryogenesis, the expression of these factors is restricted to the myotome compartment of developing somites [20, 21] . In later stages and in adult animals, myostatin is expressed in many di¡erent muscles throughout the body [21] . A null mutation of myostatin markedly increased muscle ¢ber numbers and elicited ¢ber hypertrophy [21, 22] . Although mice genetically de¢cient in FGF6 had no overt symptoms on normal muscle development or muscle physiology [23] , they showed a severe regeneration defect with ¢brosis and myotube degeneration due to a lack of activation or proliferation of satellite cells [24] . Since it seems that myostatin and FGF6 are important in the maintenance of muscle morphology, it is worth investigating the role and manner of change in these growth factors in regenerating, hypertrophied and denervated muscle in vivo.
In the present study, using Western blot analysis and immunohistochemistry, we examined the normal distribution of myostatin, FGF6 and LIF and the adaptive response of these factors in mechanically overloaded, regenerating and denervated muscles.
Materials and methods

Animals and experimental procedures
Animals
Male (n = 36, 10 and 20 weeks of age) and female (n = 48, 12 weeks of age) Wistar rats were used in the experiments. The rats were housed in a temperature (22 þ 2³C) and humidity (60 þ 5%)-controlled room regulated to provide alternating 12-h periods of light and darkness. They were allowed to feed (commercial rat chow) and drink ad libitum. Rats of both sexes were used for the experiments because no difference between male and female rats with regard to the level of myostatin, FGF6 and LIF proteins, was found in our preliminary study.
Normal adult muscles and organs
Three male Wistar rats (20 weeks of age) were used in this experiment. Rats were killed using excess pentobarbital administration, and brain, cerebellum, spinal cord, muscle, heart, liver, kidney, stomach, lung, testis and thymus were rapidly dissected. To compare the amount of myostatin, FGF6 and LIF proteins among several di¡erent muscles, six male Wistar rats (10 weeks of age) with body weights of 300^350 g were used. Rats were killed using excess pentobarbital administration, and extensor digitorum longus, tibialis anterior, gastrocnemius, soleus and diaphragm muscles were rapidly dissected.
Overloading
Twenty-seven adult female Wistar rats (12 weeks of age) with body weights of 200^250 g were used in this experiment. Compensatory enlargement of the plantaris muscle was induced in one leg of each rat by surgical removal of the ipsilateral soleus and gastrocnemius muscles as described previously [18] . While the rat was under pentobarbital anesthesia (50 mg/kg i.p.), an incision was made through the skin and fascia on the caudal aspect of the leg over the calf musculature. The tendons of the soleus and the lateral and medial heads of the gastrocnemius muscle were exposed and severed, and the muscles were carefully peeled up and away from the intact plantaris muscle. Care was taken to avoid rupturing vessels and nerves, and bleeding in the surgical ¢eld was minimal. The soleus muscle and the two heads of gastrocnemius muscle were then clamped o¡ with a hemostat near their origins and ablated. The wound was cleansed, and the fascia and skin were then sutured with surgical silk. A sham operation was performed on the contralateral leg after the rat was anesthetized by i.p. injection of sodium pentobarbital. All rats awoke from anesthesia within 2 h, and were observed to use both hindlimbs immediately. Rats were killed, in groups of three, using excess pentobarbital administration, and the plantaris muscle of both legs dissected at 1, 2, 3, 4, 6, 8 and 10 days and 2 and 4 weeks postsurgery.
Bupivacaine treatment
Twenty-seven adult male Wistar rats (10 weeks of age) with body weights of 270^360 g were used in this experiment. While under pentobarbital anesthesia (50 mg/kg, i.p.), the rat received an i.m. injection of 0.5 ml of 0.5% bupivacaine hydrochloride in 0.9% saline into the TA muscle on one side as described previously [19] . The morphological change of skeletal muscle following bupivacaine injection was clearly demonstrated by the study of Hall-Craggs [25] . After 1 day, ¢bers were reduced caliber, rounded in outline, and widely separated from each other. Between the ¢bers were extravagation of red blood cells and a leukocyte in¢ltration. At 3 days, some ¢bers had been invaded by macrophages but many had become so completely disorganized that it was no longer possible to distinguish between myonuclei and in¢ltrat-ing cells. At 3 weeks, many ¢bers had regained a normal caliber although the vast majority still had centrally placed nuclei. Rats were killed, using excess pentobarbital administration, in groups of three at the same time point used in the overloading experiment. The TA muscles of both legs were dissected.
Denervation
Twenty-one adult female Wistar rats (12 weeks of age) with body weights of 200^240 g were used in the experiment. The left sciatic nerve was cut at mid thigh and a 1-cm length of nerve resected as described previously [26] . Denervation induce a marked atrophy of muscle ¢ber, increase the connective tissue in muscle and markedly promoted the transformation from type I to type II ¢bers in the case of soleus muscle [26] . Using excess pentobarbital administration, rats were killed in groups of three at 1, 2, 4, 7 and 10 days and 2 and 4 weeks postsurgery. The soleus, plantaris and gastrocnemius muscles of both legs were dissected.
Primary antibodies
A¤nity-puri¢ed goat polyclonal antibody to GDF8/myostatin (1:260, C-20, Santa Cruz Biotechnology, Santa Cruz, CA, USA), a¤nity-puri¢ed goat polyclonal antibody to FGF6 (1:260, C-19, Santa Cruz Biotechnology), and a¤nity-puri¢ed goat polyclonal antibody to LIF (1:400, N-18, Santa Cruz Biotechnology) were used in this study.
Tissue preparation, gel electrophoresis and immunoblots
Tissue from each muscle was homogenized in 102 0 vols. 50 mM Tris^HCl pH 7.4, 5 mM EDTA, 10 Wg/ml phenylmethylsulfonyl£uoride, 0.5 Wg/ml leupeptin, 0.2 Wg/ml aprotinin, 0.2% NP-40, 0.1% Triton X-100, 0.05% mercaptoethanol, 1 mM Na 3 VO 4 in a polytron (PCU-2, Kinematica, Steinhofhalde, Switzerland) for 30 s. The supernatant obtained after centrifugation of a homogenized tissue at 15 000Ug for 25 min (4³C) was designated the homogenate, and the protein concentration of the homogenate determined colorimetrically (Bio-Rad protein determination kit, Bio-Rad, Richmond, CA). Sodium dodecylsulfate^polyacrylamide gel electrophoresis (SDS^PAGE) (12.5% acrylamide) was performed according to the method of Laemmli [27] . Proteins separated by SDS^PAGE were transferred electrophoretically onto nitrocellulose membranes (Hybond-ECL Western, Amersham, Arlington Heights, IL). The blots were incubated with a blocking bu¡er of 0.1% Tween-20 and 1% gelatin in 10 mM Tris-bu¡-ered saline (TBS, 10 mM Tris, 135 mM NaCl, 1 mM KCl, 0.02% NaN 3 , pH 7.4) in cold room overnight. The blots were incubated with the primary antibodies for l h, and then incubated with biotinylated antigoat IgG (1:300, BA-5000, Vector Laboratories) for l h. The blots were incubated for 30 min with peroxidase streptavidin conjugate (Vector), and visualized with diaminobenzidine (DAB) and H 2 O 2 .
Immunohistochemistry
Serial 8-Wm transverse sections made with a cryostat (Bright 5030 Microtome, Bright Instrument, Huntingdon, Cambridgeshire, UK) were mounted on silanized slides (Dako Japan, Tokyo). All subsequent steps are as described previously [19] . Brie£y, the sections were incubated with primary antibodies diluted in phosphate-bu¡ered saline (PBS) for 60 min at room temperature (RT). Sections were subsequently rinsed well with PBS, and incubated with biotinylated anti-goat IgG (1:500 dilution, Vector) for 30 min at RT. After extensive rinsing, sections were incubated for 30 min with peroxidase streptavidin conjugate (Vector), and visualized with DAB and H 2 O 2 . The sections were mounted in a glycerol-based medium containing p-phenylenediamine. Negative control slides with omission of the primary antibodies were included in the immunostaining procedures in each instance.
Histochemistry
To clarify each ¢ber as slow-twitch oxidative (SO), fast-twitch oxidative glycolytic (FOG) or fast-twitch glycolytic (FG) according to Peter et al. [28] , successive cryosections were stained for myo¢brillar actomyosin adenosine triphosphatase (mATPase) after preincubation pH 10.3 [29] and for nicotinamide adenine dinucleotide tetrazolium reductase (NADH-TR).
Results
Using Northern blot analysis, McPherron et al. [21] reported that, in the adult mouse, skeletal muscles possess selective myostatin mRNA. Under reducing conditions, in Chinese hamster ovary (CHO) cells, mature myostatin was expressed as a 15-kDa protein. However, as shown in Fig. 1A , immunoblotting with antibodies to myostatin revealed prominent bands consistent with a molecular size of 26 kDa. This result is in complete agreement with the ¢nding of Gonzalez-Cadavid et al. [30] , which showed that myostatin is expressed in the human skeletal muscle as a 26-kDa mature glycoprotein and secreted into the plasma. As pointed out by Gonzalez-Cadavid et al. [30] , the discrepancy in the apparent molecular masses between the previous report and our experiment appears to be caused by glycosylation 26-kDa band in the human and rat muscles as opposed to CHO cells, as in the case for TGF-L receptor, inhibin and activin [31] . Myostatin protein was detected in the skeletal muscle (soleus), but not other organs, such as the brain, spinal cord, heart, liver, kidneys and thymus.
It has been demonstrated that, in the adult mouse, FGF-6 mRNA was detected in the skeletal muscle, heart and testes [20] . At the protein level, the expression of FGF6 was detected in the skeletal muscle, heart and kidneys of adult rats at an approximate molecular weight of 38^40 kDa (Fig. 1B) .
The manner of myostatin expression in muscle is di¡erent between humans and mice [30, 32] . The distribution patterns of FGF6 and LIF proteins in different muscles are unknown except for the ¢ndings in trout [33] . We determined whether, in normal adult rats, myostatin, FGF6 and LIF protein content differs between slow-type muscles (soleus) and fast-type muscles (extensor digitorum longus, tibialis anterior, gastrocnemius and diaphragm). Western blot analysis showed that the myostatin level was markedly higher in the slow-type than in the fast-type muscles (Fig. 2, upper panel) . On the other hand, preferential accumulation of the FGF6 protein was observed in the fast-type muscles (Fig. 2, middle panel) similar to the distribution pattern of trout muscle. No detection of LIF protein in normal fast-type rat muscle (Fig. 2,  lower panel) is consistent with the ¢nding of Kurek et al. [16, 34] . However, LIF protein was normally present in the slow-type rat muscle (Fig. 2, lower  panel) .
To understand more clearly the cellular localization of myostatin, FGF6 and LIF, we performed immunohistochemistry of transverse section of soleus and tibialis anterior muscles of normal adult rats (20 weeks of age). In the soleus muscle, myostatin expression was markedly detected at the site of the myonucleus of both slow-twitch and fast-twitch ¢-bers (Fig. 3C,F) , but not in the case of omitting primary antibody (Fig. 3E) . In contrast, some fasttwitch oxidative glycolytic (FOG) ¢bers had slight immunoreactivity of myostatin on the sarcolemma of tibialis anterior muscle (Fig. 3D) , although many FOG and fast-twitch glycolytic (FG) ¢bers did not possess myostatin.
As illustrated in Fig. 4 , in the tibialis anterior muscles of normal adult rats, slight immunoreactivities of LIF and FGF6 were observed on the sarcolemma of FOG ¢bers (Fig. 4C,E) . On the other hand, we found pronounced LIF immunoreactivity on the sarcolemma and in the myonucleus of both slow-twitch and fast-twitch ¢bers in the soleus muscle (Fig. 4D) . FGF6 expression was not detected in the cytosol, sarcolemma and the extracellular spaces in the soleus muscle ¢bers (Fig. 4F) .
Overloading induced marked increases in the weight of the plantaris muscles during the entire postsurgical period (1 day to 4 weeks). The weight after 1 day showed a 56.0% increase over the control value. The percentages of hypertrophy after 3, 6 and 10 days were 40.9, 31.3 and 44.8%, respectively, and after 2 and 4 weeks were 46.8 and 76.2%, respectively.
The functional signi¢cance of myostatin and FGF6 in ¢ber hypertrophy of fully di¡erentiated muscle is not known, although studies in mice with null mutation myostatin suggested that myostatin is negatively regulated hyperplasia and hypertrophy of muscle ¢bers in myogenesis [21, 22] . The patterns of myostatin, FGF6 and LIF expression in the control and mechanically overloaded plantaris muscles are shown in Fig. 5 . Compared to the unoperated plantaris muscle, mechanical overloading increased the myostatin protein after 2 days of stimulation. As demonstrated in our previous study using immunohistochemistry, mechanical overloading markedly enhanced LIF protein 2^14 days postsurgery compared to the control level. In contrast, the slightly detected FGF6 protein in non-stimulated muscle was clearly diminished by mechanical overloading and restored after 28 days of stimulation.
One and 2 days postinjection, the tibialis anterior muscle increased in wet weight by 49.3% and 20.4% over that of the control. Six, 8 and 10 days after bupivacaine injection, the tibialis anterior wet weight decreased 29.7, 20.2 and 13.8% under the control value, respectively. Complete restoration of wet weight was achieved after 28 days in tibialis anterior muscles subjected to bupivacaine.
In mice with null mutation of the FGF6 and LIF genes, muscle regeneration following damage was incomplete [24, 35] . No study has determined the role of myostatin in muscle remodeling. As shown in Fig.  6 , both myostatin and the FGF6 protein were slightly detected in the unoperated tibialis anterior muscle of rats. These growth factor levels rapidly decreased in the regenerating muscle subjected to bupivacaine-injection, and were restored 28 and 14 days postsurgery, respectively. Similar to mechanically overloaded muscle, the LIF protein increased in the regenerating muscle 2^14 days postsurgery.
Denervation induced marked decreases in the weight of the soleus, plantaris and gastrocnemius muscles. Seven days postsurgery, all the muscles showed a decreased wet weight of about 73^80% of the control value. Fourteen days after denervation, the weight of the denervated muscles decreased to 58^63% of the control value and achieved 30^45% of the control level 4 weeks postsurgery.
Although hindlimb unweighting, a model of muscle inactivity, elevates myostatin mRNA in the plantaris muscle [32, 36] , but not in the soleus muscle [32] , the in£uence on neuromuscular activity of myostatin and FGF6 protein levels is unknown. In the soleus muscle, gradual diminution of myostatin was observed on denervation, whereas in the denervated plantaris and gastrocnemius muscles, myostatin levels slightly increased 4 and 28 days after denervation, respectively (Fig. 7A) . The FGF6 protein was not detected in the soleus muscle of the normal intact or denervated rats, and was gradually diminished in the fast-type muscle subjected to denervation (Fig.  7B) . In contrast to the soleus muscle, denervation of the plantaris and gastrocnemius muscles markedly elevated the LIF protein level (Fig. 7C) , similar to the results of Kurek et al. [33] .
Discussion
Some recent studies [30, 32] have reported the manner of myostatin distribution between slow-type and fast-type muscles. In human, myostatin was equally distributed in the type I and II ¢bers [30] . In contrast, Carlson et al. [32] demonstrated, using North- Fig. 3 . Serial cryosections of the soleus (A, C, E and F) and tibialis anterior (B and D) muscles from normal adult rats. Each cryosection was stained for myo¢brillar actomyosin adenosine triphosphatase (mATPase) at alkaline pH (A), nicotinamide adenine dinucleotide tetrazolium reductase (NADH-TR)(B) or immunohistochemically stained for the myostatin antibodies (C, D and F). In the soleus muscle, myostatin immunoreactivity was detected at the site of myonucleus in both slow-twitch and fast-twitch ¢bers (C), but not in the case of omitting primary antibody (E). Higher magni¢cation of the photograph clearly indicates the myostatin immunostaining of the myonucleus (arrow) in the soleus muscle ¢bers (F). Primary antibodies were visualized by a standard avidin^biotin peroxidase method. Scale bar: 50 Wm. In contrast, myostatin immunoreactivity was slightly detected on the sarcolemma of some fast-twitch oxidative glycolytic (FOG) ¢bers in the tibialis anterior muscle (D). All ¢bers recognized in the photograph (B) were characterized by fast-twitch (FT) by staining for mATPase at alkaline pH (data not shown). White circles denote the same ¢ber of di¡erent cryosection (A, C and E).
6 Fig. 4 . Serial cryosections of tibialis anterior (A, C and E) and soleus (B, D and F) muscles from normal adult rats. Each cryosection was stained for NADH-TR (A), for mATPase at alkaline pH (B), or immunohistochemically stained for the LIF (C and D) and FGF6 (E and F) antibodies. In the tibialis anterior muscle, LIF and FGF6 were slightly detected on the sarcolemma of FOG ¢bers. Primary antibodies were visualized by a standard avidin^biotin peroxidase method. Scale bar: 50 Wm. All ¢bers recognized in the photograph (A) were characterized by fast-twitch (FT) by staining for mATPase at alkaline pH (data not shown). In contrast, the myonucleus and sarcolemma of both slow-twitch and fast-twitch ¢bers (arrow) of the soleus muscle were markedly stained for LIF antibodies. FGF6 immunoreactivity was not detected in the soleus muscle ¢bers (F). White circles (A, C and E) and triangles (B and D) denote the same ¢ber of di¡erent cryosection. ern blot analysis, that the expression of myostatin was not detected in the slow-type soleus muscle and was only selectively occurred in type IIB ¢bers in mouse. However, the present study clearly showed the preferential distribution of myostatin in the soleus muscle. This may be ascribed to the greater amount of several growth factors and the satellite cells [37, 38] . bFGF and LIF, potent regulators in the proliferation of satellite cells and myoblasts in vitro [39, 40] , are abundant in the slow-type muscle [37] . Furthermore, bFGF and LIF were up-regulated in the hypertrophied anterior latissimus dorsi (ALD) muscle of the quail and in the hypertrophied plantaris muscle of the rat, respectively [17, 18] . It seems that, under normal conditions, mechanical stress produced by muscle contraction partially destroys the sarcolemma of muscle ¢ber, and satellite cell activation is needed to complete the remodeling of damaged ¢ber. Thus, myostatin may potently inhibit the neo-formation of muscle ¢bers by the fusion of proliferating satellite cells to each other by stimulating bFGF, LIF, and the other growth factors in slowtype muscle.
Recently, the major concerns of researchers have been directed at how myostatin, a potent negative regulator of muscle mass, acts in the hypertrophy and regeneration of fully di¡erentiated adult muscle. We were also interested in the adaptive response of myostatin in muscles under these conditions. To our knowledge, this investigation is the ¢rst study in which myostatin increased in mechanically hypertrophied muscle. One possible interpretation of the enhancement is related to the inhibition of neo-formation of muscle ¢bers. Mechanical overloading does not promote the formation of new muscle ¢bers in the plantaris muscle [41] , but seems to induce the hypertrophy of originally existing muscle ¢bers by enhancing DNA synthesis, which is expected to precede the fusion of the putative satellite cell nuclei into the main body of the muscle ¢ber [42] . Double-muscled animals, possessing myostatin mutations, are characterized by an increase in muscle mass of about 20% due to an increase in the number of muscle ¢bers rather than in their individual diameter [43] . On the other hand, a marked reduction in myostatin was observed in regenerating muscle.
Muscle regeneration involves fusion of proliferating satellite cells with each other to form young multinucleated myotubes, as well as with the ends of existing damaged myo¢bers. In the early phase of muscle regeneration, the hyperplasia-inhibiting role of myostatin is unnecessary and the restoration of the myostatin level 28 days postsurgery may be important in controlling the muscle ¢ber numbers. Semsarian et al. [44] demonstrated, that in C2C12 cells, the myostatin transcript level did not alter in hypertrophied myotubes transfected with IGF-I. The real function of myostatin in muscle remodeling, however, remains to be elucidated in further studies. Denervation mildly enhanced myostatin protein levels in the fast-type plantaris muscle, but not gastrocnemius muscle (Table 1) . These results are consistent with the ¢ndings of Wehling et al. [36] and Carlson et al. [32] , who found that hindlimb unweighting, the other model of inactivity, increased myostatin mRNA in the plantaris muscle, as well as causing mild atrophy of muscle ¢ber. In addition, Gonzalez-Cadavid et al. [30] reported that myostatin protein increased in the muscles of HIV-infected patients undergoing weight loss. Collectively, myostatin may be an attenuator of skeletal muscle growth in adult humans, rats and mice. However, our current study showed that myostatin levels decreased in the denervated slow-type rat muscle. Furthermore, hindlimb suspension did not change the myostatin mRNA level of the soleus muscle in mice [32] . Myostatin may have a di¡erent role in slow-and fasttype muscles.
Mice with the null mutation of the FGF6 gene show incomplete regeneration following injury, probably due to a marked reduction in the number of MyoD-and myogenin-expressing satellite cells, rather than a de¢ciency in the proliferation of satellite cells [24] . This phenotype in the regenerating muscle resembles mice with genetically de¢cient MyoD [45] . Several recent studies implied that a break in the integrity of the plasma membrane is an essential element for muscle hypertrophy, because chemical mediators (growth factors) of remodeling stored in the cell cytosol (e.g. bFGF) are released from this location through plasma membrane disruption [46, 47] . If so, it seems that FGF6 has an important role in the mechanically stressed muscle, including the damage-regeneration (remodeling) phase. Surprisingly, after bupivacaine injection and mechanical overloading of rat muscle, FGF6 protein levels rapidly decreased similar to the changes in MyoD family protein (MyoD, Myf-5 and myogenin) under these conditions [48] . Although in vitro studies showed that FGF6 at certain concentrations modulated the proliferation and di¡erentiation of C2 cells [49] , it may not have the ability to induce the proliferation of satellite cells in vivo muscle in contrast to IGF-I, hepatocyte growth factor/scatter factor (HGF/SF) and LIF. In the regenerating TA muscle, muscle di¡erentiation including the formation of multinucleated myotubes seems to proceed drastically between 3 and 6 days after bupivacaine injection using our method because of a rapid decrease in TGF-L2, a potent inhibitor of muscle di¡erentiation [11] , and a marked increase inf MyoD during the same period. In the di¡erentiation phase of C2 cells, recombinant FGF6 delays the expression of MyoD. MyoD induces permanent cell cycle arrest by up-regulating the cyclin-dependent kinase (cdk) inhibitor p21 [50] and/or p300 [51] and activates muscle-spe- ci¢c gene transcription in myogenesis. In the early and later phases of remodeling in mechanically overloaded and regenerating muscles, a reduction in FGF6 proteins seems very important in that growth factors, cyclin-dependent kinase, cyclin D1 and the E2F family, which regulate cell cycle progression, stimulate the proliferation of satellite cells [52, 53] and the latter induce the di¡erentiation of these cells by MyoD.
In fast-type muscles with large amounts of MyoD [48, 54] , Myf-5 [48] and FGF6 (in the present study), these proteins are favorably associated in muscle ¢-ber in vivo. Furthermore, in vitro, RhoA GTPase and serum response factor (SRF), a transcription factor involved in activation of both mitogenic response and muscle di¡erentiation [55] , selectively control the expression of MyoD [56] , while the level of the SRF protein is selectively distributed in the fast-type muscle (unpublished data).
In vitro, motoneuron survival depended on various neurotrophin, cytokine (LIF, glial cell line-derived neurotrophic factor (GDNF), TGF-L and ciliary neurotrophic factors (CNTF)) as well as other factors [57] . Neuronal injury increases retrograde axonal transport of neurotrophin via binding to the low-a¤nity neurotrophin receptors or Trk receptors [58] and those of the other cytokines, such as LIF [59] . As demonstrated in this study, the LIF protein was elevated in both the slow-and fast-type muscles after cutting the sciatic nerve. This LIF induction is important to inhibit motoneuron death and atrophy of muscle ¢ber. LIF directly a¡ected the muscle ¢-bers such that there was a signi¢cant increase in the slow, and a reduction in the fast, muscle ¢ber diameters in the LIF-treated group, compared to controls, prior to reinnervation [60] . This selective attenuation of ¢ber atrophy in the denervated slow-type muscle was demonstrated by the injection of CNTF [61] , which like LIF, shared the gp130 signal-transducing subunit as a common receptor component.
In conclusion, the preferential distribution of myostatin and LIF was observed in slow-type muscles. In contrast, the FGF6 protein was selectively expressed in fast-type muscles. The increased expression of myostatin and LIF plays an important role in muscle hypertrophy due to mechanical overloading. A marked reduction in FGF6 in hypertrophied and regenerating muscles implies that FGF6 regulates muscle di¡erentiation, but not proliferation, of satellite cells and/or myoblasts.
